Background and Objective: Epilepsy is associated with alterations in the structural framework of the cerebral network. The aim of this study was to measure the potential of global metrics of network architecture derived from resting state functional MRI to capture the impact of epilepsy on the developing brain.
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Introduction
Epilepsy has a substantial influence on the development and maintenance of cognitive functions. Although it is not clear whether such effects are mediated by ongoing seizure activity, anti-seizure medication or both, long-term epilepsy and poor seizure control have been consistently associated with poor cognitive outcomes [1] [2] [3] . These effects on intellectual function are exaggerated in children, which may reflect the fact that developmental physiology is primed to prioritize cerebral growth and reorganization 4 . While together these observations suggest that neural plasticity acts as a negative prognostic factor in children with epilepsy, these same characteristics likely contribute to their capacity for cognitive and neurologic recovery after successful epilepsy surgery 5, 6 . Despite the benefits of early intervention, however, surgery is frequently deferred, especially in imperfect candidates or in patients whose seizures have yet to meet the standard for intractability. Early markers of cognitive deterioration in these children would be of great value toward defining the optimal timing of surgical intervention.
As a result of advances in computational neuroscience, network organization of the brain is now accessible to systematic study. Although the field capitalizes on diverse techniques, one prominent approach leverages graph theory to characterize global topological features of the cerebral network 7 . In this context, the brain is represented as a collection of nodes, or anatomical elements in the network, and their mutual connections as edges [8] [9] [10] . Graph theory-based analyses of networks constructed from functional imaging data have demonstrated that focal epilepsies are associated with global alterations in the cerebral network [11] [12] [13] [14] [15] . More recently, it was observed that inter-individual differences in network efficiency, as quantified by graph theory, correlate with cognitive function in healthy populations of adults and children [16] [17] [18] . Together, these findings support the potential for topological features of the brain to provide markers of ACCEPTED MANUSCRIPT
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cognitive function in children. However, at any given time, the cognitive abilities of a child with epilepsy will reflect the intersection of his/her individual trajectory of brain development with maladaptive changes related to the cumulative impact of his/her disease. As yet, no data exist regarding the potential for network analyses to dissociate these processes to specifically capture those alterations that relate to epilepsy and its treatment.
The aim of this study was to measure the potential of global network metrics derived from resting state functional brain networks to capture the impact of epilepsy on the developing brain. Although there is no gold standard to measure these effects, the duration of a patient's disease has been shown to be a meaningful marker of the cumulative burden of epilepsy, particularly with regard to cognitive function 19 . We therefore used the duration of each patient's epilepsy as an index for the overall impact of their disease on the brain.
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Material and methods

Study Population
This HIPAA-compliant, retrospective study was approved by the local institutional review board. Written informed consent was waived. Consecutive patients were identified from the medical record with the following inclusion criteria: 
Neuropsychological Assessment
Intelligence tests were performed by a single pediatric neuropsychologist (MC) with more than 25 years experience using an age-appropriate Wechsler Intelligence Scale test. In each patient, full scale IQ was determined by evaluation of 4 cognitive domains including verbal comprehension, perceptual/ fluid reasoning, working memory, and processing speed.
MR Imaging
All imaging was performed on a 3 Tesla magnet (Philips, Achieva Platform, Andover, Massachusetts) equipped with a 32-channel phased array head coil. For structural imaging, a T1-weighted, axial three-dimensional volume acquisition fast field echo was obtained with TR/TE: 
Image Processing and Analysis
Network node definition:
Nodes in the network were defined for each patient according to parcellation of wholebrain gray matter on the structural images. The processing pipeline was implemented using 
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A C C E P T E D M A N U S C R I P T process, each parcel was iteratively divided into two new parcels of equal size until the surface area of each parcel (as defined on the FreeSurfer gray-white surface mesh) was less than a 350-mm 2 -threshold value. Each surface parcel was then converted into a volume mask of gray matter at that region to form a node on the network. The number of nodes in each patient's network ranged from 511 to 841 (mean: 684; standard deviation: 68).
Network edge definition:
The first 5 volumes in each resting state functional data were removed to allow magnetization to reach equilibrium. Preprocessing and independent component analysis (ICA) of the functional data sets was performed using FSL MELODIC 21 , consisting of motion correction, interleaved slice timing correction, brain extraction, spatial smoothing with a Gaussian kernel full width at half maximum of 5 mm, and high pass temporal filtering equivalent to 100 seconds (0.01 Hz). Noise related to motion and other physiologic nuisance was addressed according to an ICA technique 24 . All non-signal components were removed manually by an expert operator.
Motion parameters measured during preprocessing were summarized for each patient as "translation" (the root mean square of the three translational parameters) and "rotation" (root mean square of three rotational parameters). FSL's FLIRT was then used to align the functional image volumes for each patient to that individual's structural T1 dataset using linear registration.
Mean BOLD-signal time series were computed for each node. The strength of an edge between two nodes was defined as the absolute value of the Pearson correlation coefficient between their time series.
Construction of the brain functional network:
Weighted, undirected graphs were constructed for each patient consisting of the pair-wise correlation between BOLD signal time series over all network nodes. Non-significant
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A C C E P T E D M A N U S C R I P T correlations were excluded based on Bonferroni adjusted p-values. To this end, the p-value of each pairwise correlation in the connection matrix was multiplied by total number of node pairs [ ] and thresholded at 0.05.
Network metric calculation:
We used MATLAB scripts available from the Brain Connectivity Toolbox (BCT, In order to account for differences in network size inherent to a pediatric cohort, we computed normalized network metrics as follows: for each patient, each metric was divided by the same metric computed in a random network of identical size 29 .
Statistical Analyses
All statistical analyses were performed using R Language, version 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria). We used the duration of each patient's epilepsy (measured as the span of time from epilepsy onset to the date of MR imaging) as an index of the overall impact of their disease on the brain 19 . Linear regression (alpha: 0.05) was used to assess the relationship between epilepsy duration and IQ (after accounting for age of epilepsy onset) in our patient cohort. Bonferroni was used to adjust for multiple comparisons.
In the primary analysis, we used a machine learning algorithm (Random Forest Approach) to predict epilepsy duration on the basis of the five global network metrics. To be specific, the algorithm was given access solely to the network metrics and no other variables during this step. This machine learning method was selected because it tests the predictive capacity of a "learned" statistical model on a subset of the cohort omitted during training. In other words, the ability of the model to predict epilepsy duration in each individual was tested in a previously unseen subset of patients. Machine learning approaches, therefore, represent an effective method by which metrics derived from quantitative imaging can be assessed with
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T respect to their potential translation into clinically meaningful information at the level of a single patient 30 . Details regarding this particular technique have been previously described 31 .
In addition to prediction of epilepsy duration, the Random Forest algorithm also measures the independent contribution of individual variables to that prediction. This step is accomplished for each variable by comparing the prediction error over the cohort to that error which results when that variable has been removed from the model. Hence, the importance of each network metric toward accurate prediction of epilepsy duration was measured after adjusting for the contribution of all other variables.
For each variable deemed to be important to the predictive model, the relationships to epilepsy duration were further quantified in a univariate analysis using linear regression. To be specific, this step was not performed to verify the results of the above analysis; rather it was used to demonstrate graphically the direction of the relationships measured by the Random Forest algorithm.
It is important to note that a relationship between network metrics and global intelligence has been previously reported 16, 17 . Hence, a "control model" was developed to confirm that the primary analysis measured the effects of epilepsy on the brain, rather than a transitive relationship between network metrics and epilepsy duration mediated by IQ. The control model included IQ as well as other potential confounders, including physiologic (gender, the use of anesthesia during imaging, and the number of network nodes) and nuisance variables (rotational and translational motion during MRI). To be specific, network metrics were not included in the control model. The control model was then used to predict epilepsy duration using an otherwise identical Random Forest algorithm. The relationship to true epilepsy duration was assessed using linear regression.
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Results
Patients:
Forty-seven patients were eligible for the study based on inclusion criteria. Two patients with cavernous malformations were excluded on the basis of susceptibility-related artifact obscuring the cortex. Characteristics of the forty-five patients (age range: 4-19 years)
comprising the final study group are provided in Table 1 . In 29 patients, MR imaging was performed under general anesthesia; 16 patients were imaged without sedation. Thirty-nine (87%) patients had identifiable structural abnormalities at MR imaging (Table 1) . Time between neuropsychological assessment and neuroimaging ranged from 1 day to 3 months (median: 1 month).
Epilepsy Duration and Global Intelligence:
After accounting for age of epilepsy onset, epilepsy duration was inversely related to IQ (p: 0.039; Figure 1 ).
Network Architecture and Epilepsy Duration:
Epilepsy duration predicted by the machine learning algorithm solely on the basis of the five global network metrics was highly correlated with true epilepsy duration (r: 0.95; p: 0.0004; Figure 2 ). After accounting for age and age of epilepsy onset, modularity, path length, and global efficiency were independently associated with epilepsy duration (Figure 3) . Notably, the use of anesthesia during imaging, IQ, and parameters summarizing translational and rotational motion did not impact the accurate prediction of epilepsy duration (Figure 3) . Similarly,
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Discussion
We report the following main findings in a cohort of children with focal epilepsy: 1. IQ declined with increasing duration of epilepsy. 2. Epilepsy duration predicted by a machine learning algorithm on the basis of network metrics was highly correlated to true epilepsy duration.
3. Three network metrics (modularity, characteristic path length, and efficiency) were independently associated with epilepsy duration after accounting for all other variables. Taken together, these findings suggest that metrics of network architecture have the potential to capture the pathophysiologic impact of this debilitating disease on the cerebral network.
Graph theoretical analyses offer a promising framework in which to explore complex networks. Several studies have used such analyses to quantify brain network architecture in patients with epilepsy 11-13,32-34 . These studies have received considerable attention for demonstrating that focal epilepsies are associated with widespread alterations in the architecture of the cerebral network when compared to healthy control subjects. Our findings are not only compatible with the idea of such group level alterations, they further point to the potential for these metrics to capture physiologically-important differences in network architecture between individuals with epilepsy. Although information regarding the relationship between global network measures derived from resting state fMRI and the duration of epilepsy is limited, our findings are compatible with work by Van Dellen et al., who observed epilepsy duration-related alterations in temporal lobe networks using electrocorticography 32 .
In terms of individual network metrics, we observed that modularity made the greatest contribution to accurate prediction of epilepsy duration. Specifically, longer duration of epilepsy was associated with increasing modularity. These findings are consistent with an increasingly fragmentary network over time and, therefore, point to a relative paucity of effective long range cohort of adult patients with cryptogenic localization-related epilepsy 13 . These discrepancies regarding the impact of epilepsy on path length may relate to age of the cohort in question.
Shorter path lengths were observed in children (our study) and young adults (Liao et al.), whereas longer path lengths were observed in older adults (Vlooswijk et al.) . Together these
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This study has several limitations. First, this work is based on a cross-sectional design. A longitudinal study would be of great value toward defining the changes in resting-state functional connectivity that occur over time, particularly as they relate to cognitive decline. Second, we acknowledge that all patients in this study were being evaluated for epilepsy surgery and may not be representative of a more general epilepsy population. Third, the duration of each patient's epilepsy is not a perfect marker of the cumulative impact of their disease and likely does not encapsulate all the nuances of an individual's clinical course relevant to their disease burden.
Specifically, it does not capture the frequency of seizures or their severity, nor does it account for the age of onset. It is worth noting, however, that our findings persisted after adjusting for age of epilepsy onset and, further, there is good reason to question the importance of seizure frequency with regard to measuring the impact of epilepsy on cognitive function 38 . It is worth noting, however, that duration of disease has been shown to be a valid marker of the cumulative impact of epilepsy on the brain, particularly as it relates to cognitive function 19 . In a related issue, the question of anti-epileptic medications and their contribution to the overall neurologic morbidity of epilepsy could not be addressed by our retrospective design. Future study would be of great interest toward dissociating the impact of seizures on the brain versus that of antiepileptic drugs; differential effects of specific medications could also be addressed in such a study.
In conclusion, we report the following in a cohort of pediatric patients with focal epilepsy: a machine learning algorithm accurately predicted epilepsy duration based on global metrics of network architecture derived from resting state fMRI. These findings suggest that 
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T Highlights  Brain network architecture was measured using resting state functional MRI  Global intelligence declined with increasing duration of epilepsy  A machine learning algorithm accurately predicted the neurologic impact of epilepsy  Network architecture was highly associated with the impact of epilepsy on the brain
